Curcumin is a naturally occurring substance with various pharmacological activities. It has not been developed as a drug because of its low bioavailability due to its low solubility and absorption. Piperine is a natural enhancer that is popularly used to increase the absorption of curcumin in oral applications; however, it has not been applied for transdermal curcumin delivery. This study aims to develop a transdermal curcumin delivery system using piperine as a skin permeation enhancer in the form of composite double-layer membrane; the upper layer consisted of curcumin and the lower layer consisted of piperine. The amount of curcumin was fixed, but the amount of piperine varied at three levels from 1.96% to 7.41%. The composite membrane had moderate mechanical strength (15-22 MPa) with a good swelling degree (~435%). From an in vitro skin permeation study, piperine had the effect to increase the permeation of curcumin. The permeation rate was related to the amount of piperine. The composite membrane containing piperine at 7.41% could increase the permeation rate of curcumin by about 1.89 times compared with non-piperine contained membrane. Bacterially-derived cellulose containing curcumin and piperine may have the potential for transdermal curcumin delivery in order to improve curcumin's bioavailability.
Introduction
The use of herbal medicines and natural products is very popular today and is expected to increase continuously every year because people concern about the safety of using drugs derived from synthetic chemicals. Nowadays, many herbs are made into medicines and more health products because they are derived from natural and have unique properties. Turmeric (Curcuma longa) is one of the most popular herbs for treating various maladies such as abdominal pain, colic, and flatulence [1] . The primary substance found in turmeric is curcuminoid. Curcumin, a polyphenolic compound, is the main constituent of curcuminoids, constituting about 77% of curcuminoid content [2] . Several studies have confirmed that curcumin has antioxidant, anti-inflammatory, antibacterial, antifungal, antidiabetic, antiproliferative, and antitumor activities [3] [4] [5] .
Although curcumin has a good and varied pharmacological activity, it has not developed as a drug because of a low bioavailability. In vitro studies revealed that the concentration of curcumin that could give the desired activity was about 3.6 mg/mL. However, in vivo studies in humans and piperine-cellulose-composite membrane as the lower layer of the composite membrane. The thickness of composite membrane was measured with Vernier calipers (Mitutoyo Co., Kawasaki, Japan).
Next, the upper layer containing curcumin and hydroxypropyl-β-cyclodextrin (HPBCD) at a weight ratio of 1:1 was prepared and placed onto the dried lower layer obtained earlier. HPBCD (200 mg) was dissolved with 50% v/v ethanol (10 mL), and curcumin (200 mg) was added and mixed until a clear solution was obtained. The solution was then added into another part of the BC slurry (15 g ) and mixed until homogeneous. The mixture was cast as a membrane onto the dried piperine-cellulose-composite membrane in a Petri dish, sonicated for 5 min, and the solvent was evaporated in a hot air oven (UF 110, Memmert GmbH + Co. KG, Schwabach, Germany) at 60 • C for 4 h to obtain a dried composite membrane as a double layer. The obtained composite membrane (dimension of 78.57 cm 2 ) was peeled off the aluminum foil and kept in a desiccator until used.
The controlled composite membrane (CCM) and the blank composite membrane (BCM) were also prepared in the same method as described above but without piperine and without both curcumin and piperine, respectively. In a preliminary study, the composite membranes containing various amount of curcumin (100, 150, and 200 mg) and a fixed amount of piperine (8 mg) were prepared to evaluate their physical properties and to find the optimum amount of curcumin loaded into the composite membrane. 
Physical Property Test

Swelling
The swelling property of composite membranes containing different amounts of curcumin but a fixed amount of piperine (CM100:8, CM150:8, and CM200:8) was evaluated in comparison with a blank composite membrane (BCM). The composite membranes were cut into 1 × 1 cm and soaked in distilled water (5 mL) at 25 ± 1 • C for 6 h. The weights of composite membrane initially (m i ) and when fully swollen (m s ) were used to calculate the swelling degree (%) using the equation
Tensile Strength
The tensile strength (σ) of composite membranes containing different amounts of curcumin (CM100:8, CM150:8, and CM200:8), but a fixed amount of piperine was evaluated in comparison with a blank composite membrane (BCM). The composite membranes were prepared as a dumbbell-shaped specimen. The prepared specimen was tested using universal testing machine with a crosshead speed of 1 mm/min at 25 ± 1 • C, 50% RH. The tensile strength was then calculated using the equation
where P max and A are the maximum load and cross-section area, respectively.
Differential Scanning Calorimetry
The composite membrane (CM200:16) was analyzed using differential scanning calorimetry (DSC) in comparison with curcumin, piperine, HPBCD, a curcumin-HPBCD inclusion complex, and a blank composite membrane (BCM). The curcumin-HPBCD inclusion complex was prepared by dissolving HPBCD (200 mg) in 50% v/v ethanol (10 mL) followed by curcumin (200 mg), and this sample was then dried in a hot air oven (UF 110, Memmert GmbH + Co. KG, Schwabach, Germany) at 60 • C for 4 h, as was done in the composite membrane preparation. The analysis was performed in a heating range of 25-300 • C and a heating rate of 10 • C/min using a DSC 6000 (Perkin Elmer, Waltham, MA, USA).
Curcumin and Piperine Content
The content of curcumin and piperine in the composite membrane (CM200:16) was analyzed by the extraction method using ethanol. The composite membrane (0.5 × 0.5 cm) was cut into small pieces (~0.1 × 0.1 cm), put into ethanol (10 mL), and sonicated at room temperature (~25 • C) for 25 min to ensure all amount of curcumin and piperine was extracted from the composite membrane. Curcumin and piperine were analyzed using high performance liquid chromatography (HPLC) with Sepex GP-C18, 2.1 × 100 mm as an analytical column. The mobile phase and wavelength for analysis of curcumin were 1% acetate buffer pH 3 and acetonitrile at a 1:1 ratio and at 430 nm, respectively, and those for piperine were 1% acetic acid pH 3 and acetonitrile at a 3:2 ratio and at 340 nm, respectively. The curcumin or piperine content (%) was calculated using the equation Curcumin/piperine content(%) = Measured amount of curcu min/piperine Theoretical amount of curcu min/piperine × 100 (3)
Stability of Curcumin in the Composite Membrane
The stability of curcumin in the composite membrane (CM200:8) was evaluated in two conditions; 30 ± 2 • C, 75 ± 5% RH and 40 ± 2 • C, 75 ± 5% RH, for three months. The composite membrane (2.5 × 2.5 cm) was put in a glass vial, protected from light and stored in the stability chambers (HPP108, Memmert, Memmert GmbH + Co. KG, Schwabach, Germany) under controlled conditions. The content of curcumin remained in the composite membrane during the storage period was measured using the same method as described in Section 2.4 to evaluate stability.
Release Study
The release of curcumin and piperine from the composite membrane was studied with CM200:8 as a representative of the composite membrane to ensure that curcumin and piperine can release from the composite membrane in the desired condition using a modified Franz diffusion cell (1 cm diameter, 2.5 mL receptor volume). The composite membrane (2.5 × 2.5 cm) was placed between donor and receptor chambers and fixed with grease and clamps. Figure 1 shows the schematic of the modified Franz diffusion cell assembled for the release study. The phosphate buffer saline (PBS) pH 7.4 was used as a receptor medium that was stirred at 300 rpm continuously. The phosphate buffer pH 5.5 (200 µL) was placed on the composite membrane in the donor phase. The temperature of the receptor phase was controlled at 37 ± 1 • C. Five hundred microliters of receptor medium were withdrawn and replaced with fresh medium at sampling times between 0 and 24 h. The release profiles were obtained by measuring curcumin and piperine concentration by using a UV-vis spectrophotometer (UV-1800, Shimadzu, Tokyo, Japan) at 430 and 340 nm, respectively. The lag time was obtained from extrapolating the line to the x-axis intersection and the diffusion coefficient (D) was calculated using the equation
where J is the flux (µg/cm 2 /h), x is the membrane thickness (cm), and C is the concentration (µg/mL).
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where J is the flux (µg/cm 2 /h), x is the membrane thickness (cm), and C is the concentration (µg/mL). 
In Vitro Skin Permeation Study
The skin permeation of curcumin and piperine from the composite membranes was studied using male mouse dorsal skin and the modified Franz diffusion cell (1 cm diameter, 2.5 mL receptor volume). The experiment was carried out in accordance with the Animals for Scientific Purposes Act, B.E. 2558 (A.D. 2015), Thailand. The protocol was approved by the Ethical Committee for Animal Use of Walailak University (clearance no. 004/2013). The mouse dorsal skin was shaved and removed dermis and subcutaneous tissue, cut to a size of 2.5 × 2.5 cm, and placed between donor and receptor chambers of the mollified Franz diffusion cell. The composite membrane was cut to a size of 2.5 × 2.5 cm and placed on the mouse skin. The lower layer (the piperine-containing layer) was attached to the skin. The modified Franz diffusion cell was assembled and fixed with grease and clamps. The receptor chamber was filled with the mixture of phosphate buffer saline (PBS), pH 7.4, and ethanol at a 1:1 ratio to obtain sink condition [30] . The receptor phase was controlled at 37 ± 1 °C and continuously stirred at 300 rpm. The phosphate buffer pH 5.5 (200 µL) was put on the composite membrane in the donor phase and closed with the cover slip. The receptor medium was withdrawn at sampling times between 0 and 24 h with fresh medium replaced. The concentration of curcumin and piperine was analyzed using HPLC as described in the curcumin and piperine content study. The graph between cumulative permeation of curcumin and piperine (y-axis) and time (x-axis) were plotted. The lag time and flux were obtained from the x-axis intersection and slope, respectively.
Results
Preparation of Bacterially Derived Cellulose-Composite Membrane
The bacterially derived cellulose-composite membrane as a double layer, with the lower layer composed of piperine and the upper layer composed of curcumin, was successfully prepared by the casting and solvent evaporation method. This form of system was designed in order to lead piperine released from the system and interacted with skin structure before curcumin would be released through the skin. The photograph of bacterially derived cellulose-composite membrane (CM200:8) is shown in Figure 2 . The composite membrane was yellow-orange, smooth, and flexible and has a thickness of 0.08 ± 0.02 mm. 
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The bacterially derived cellulose-composite membrane as a double layer, with the lower layer composed of piperine and the upper layer composed of curcumin, was successfully prepared by the casting and solvent evaporation method. This form of system was designed in order to lead piperine released from the system and interacted with skin structure before curcumin would be released through the skin. The photograph of bacterially derived cellulose-composite membrane (CM200:8) is shown in Figure 2 . The composite membrane was yellow-orange, smooth, and flexible and has a thickness of 0.08 ± 0.02 mm. Sci. Pharm. 2018, x, x FOR PEER REVIEW 6 of 13 In our preliminary study, it was found that the amount of bacterially derived cellulose and curcumin, the type of solvent and drying temperature affected the characteristics and successfulness for the composite membrane preparation. Too little or too much cellulose and too much curcumin led to a fragile, shrunk, or collapsed composite membrane. The optimum amount of bacterially derived cellulose was 15 g, and the maximum amount of curcumin that could be loaded into membrane was 200 mg. The amount of piperine used in this study (4-16 mg) was relatively low and therefore did not affect the characteristics of the composite membrane. In a previous study, the amount of piperine used as an oral enhancer for curcumin was about 1-4% [16, 25] . In this study, although the amount of piperine used (1.96%-7.41%) was slightly higher, it was expected to remain suitable for use with the skin. To use absolute ethanol as a solvent in composite membrane preparation caused bubbles within the composite membrane. The 50% v/v ethanol (5-10 mL) was used instead because it could dissolve curcumin, piperine, and HPBCD completely and did not create bubble problems. All types of composite membranes prepared in this study were strong and flexible enough to use with skin without plasticizer. Figure 3 shows the swelling degree and tensile strength of composite membranes containing different amounts of curcumin (CM100:4, CM150:8, and CM200:8) compared with the blank composite membrane (BCM). The swelling degree of the BCM was higher than that of composite membranes. As the amount of curcumin increased, the swelling of the composite membrane decreased accordingly. The swelling degree of the BCM (799.25 ± 44.65%) was higher than that of the native air-dried bacterially derived cellulose membrane, which has been reported in the literature (269.8%) [31] . This might be due to the alignment of the cellulose in the native one was more compact. The process of composite membrane preparation was not affected to the swelling property of bacterially derived cellulose. The bacterially derived cellulose was tolerant to ethanol and a temperature of ~60 °C for at least 6 h. The decrease in swelling degree of the composite membrane when curcumin was added might be because curcumin particles were inserted within cellulose fibers; therefore, the porosity of the composite membrane decreased as a barrier to the infiltration of the water. As the curcumin content increased, the degree of swelling of the composite membrane decreased. Although the highest amount of curcumin-loaded (200 mg) composite membrane gave about a twofold lower swelling degree (435.07 ± 115.36%) than did the BCM, its swelling degree was considered high enough and suitable for use for human skin applications.
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Physical Properties
Swelling and Tensile Strength
The tensile strength of the composite membranes when compared with the BCM was obtained with a behavior similar to that of the swelling. The highest value of the tensile strength was obtained in the BCM, and the value decreased when curcumin was included. The tensile strength of the BCM was 124.42 ± 16.97 MPa, which was lower than that of the native bacterially derived cellulose, reported to be as high as 400 MPa [32] . This could be because the bacterially derived cellulose fibers were blended before they were reformed as a composite membrane, resulting in lower tensile strength behavior. When curcumin was included in the composite membrane, it would interrupt the formation of the composite membrane. The tensile strengths of all three types of composite membranes were not much different from each other and were within the range of 15-22 MPa. This implied that the amount of curcumin in the range of 100-200 mg slightly affects the tensile strength of the composite membranes. The composite membrane containing the highest amount of curcumin at 200 mg was considered strong enough to be handled and used for skin. Figure 4 shows differential scanning calorimetry (DSC) thermograms of the composite membrane (CM200:16) compared with the composition of each substance (curcumin, piperine, and HPBCD) and the blank composite cellulose (BCM) to assess whether there is chemical interaction between substances. It was found that curcumin and piperine showed one sharp endothermic peak at 177.63 and 133.20 °C, respectively, which reflected their melting point. HPBCD and the BCM showed broad endothermic peaks around 115.75 and 97.96 °C, respectively. The curcumin-HPBCD inclusion complex showed two peaks around 175.43 and 114.26 °C. They were slightly different with that of pure substances. This might be because the chemical interaction occurred between these two compounds according to the inclusion complex. The chemical interaction for the inclusion complex between cyclodextrin and curcumin may include a van der Waals interaction, hydrogen bonding, and hydrophobic interaction [33] . This implies that common solvent evaporation could produce a curcumin-HPBCD inclusion complex, which complies with a previous study [34] . The DSC thermograms of the composite membrane showed a small peak in accordance with curcumin and a small broad peak in accordance with the bacterially derived cellulose and the HPBCD, but a peak in accordance with piperine was not observed. This result could confirm the presence of curcumin in the composite membrane but piperine content was too low to be observed by DSC. Figure 4 shows differential scanning calorimetry (DSC) thermograms of the composite membrane (CM200:16) compared with the composition of each substance (curcumin, piperine, and HPBCD) and the blank composite cellulose (BCM) to assess whether there is chemical interaction between substances. It was found that curcumin and piperine showed one sharp endothermic peak at 177.63 and 133.20 • C, respectively, which reflected their melting point. HPBCD and the BCM showed broad endothermic peaks around 115.75 and 97.96 • C, respectively. The curcumin-HPBCD inclusion complex showed two peaks around 175.43 and 114.26 • C. They were slightly different with that of pure substances. This might be because the chemical interaction occurred between these two compounds according to the inclusion complex. The chemical interaction for the inclusion complex between cyclodextrin and curcumin may include a van der Waals interaction, hydrogen bonding, and hydrophobic interaction [33] . This implies that common solvent evaporation could produce a curcumin-HPBCD inclusion complex, which complies with a previous study [34] . The DSC thermograms of the composite membrane showed a small peak in accordance with curcumin and a small broad peak in accordance with the bacterially derived cellulose and the HPBCD, but a peak in accordance with piperine was not observed. This result could confirm the presence of curcumin in the composite membrane but piperine content was too low to be observed by DSC. Sci. Pharm. 2018, x, x FOR PEER REVIEW 8 of 13 
Differential Scanning Calorimetry
Curcumin and Piperine Content
From the curcumin and piperine content study, it was found that the content of curcumin and piperine in the composite membrane were 94.99 ± 4.11% and 98.52 ± 2.53%, respectively. This result implies that the preparation method can yield a high amount of drug loading (>90%) and the preparation process resulted in less drug loss. Moreover, curcumin and piperine had good stability in the solvent used and under drying temperature (60 °C) during composite membrane preparation. Figure 5 shows that curcumin content remained in the composite membrane after being stored at 30 ± 2 °C, 75 ± 5% RH, and 40 ± 2 °C, 75 ± 5% RH for 3 months. Curcumin content remained higher than 90% for both conditions. The impact of pH, temperature, and molecular environment on the stability of curcumin is generally known [35] . One way to increase the stability of curcumin is to form an inclusion complex with cyclodextrin [34] . The high stability of curcumin in the composite membrane could be from the inclusion complex with HPBCD within the composite membrane, together with the storage condition as in normal temperature and protected from light. 
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Curcumin and Piperine Content
From the curcumin and piperine content study, it was found that the content of curcumin and piperine in the composite membrane were 94.99 ± 4.11% and 98.52 ± 2.53%, respectively. This result implies that the preparation method can yield a high amount of drug loading (>90%) and the preparation process resulted in less drug loss. Moreover, curcumin and piperine had good stability in the solvent used and under drying temperature (60 °C) during composite membrane preparation. Figure 5 shows that curcumin content remained in the composite membrane after being stored at 30 ± 2 °C, 75 ± 5% RH, and 40 ± 2 °C, 75 ± 5% RH for 3 months. Curcumin content remained higher than 90% for both conditions. The impact of pH, temperature, and molecular environment on the stability of curcumin is generally known [35] . One way to increase the stability of curcumin is to form an inclusion complex with cyclodextrin [34] . The high stability of curcumin in the composite membrane could be from the inclusion complex with HPBCD within the composite membrane, together with the storage condition as in normal temperature and protected from light. Figure 5 . The remaining curcumin in the composite membrane (CM200:8) after being stored at 30 ± 2 °C, 75 ± 5% RH, and 40 ± 2 °C, 75 ± 5% RH for 1, 2, and 3 months. Figure 5 . The remaining curcumin in the composite membrane (CM200:8) after being stored at 30 ± 2 • C, 75 ± 5% RH, and 40 ± 2 • C, 75 ± 5% RH for 1, 2, and 3 months. Figure 6 shows the release profiles of curcumin and piperine from the composite membrane in PBS pH 7.4 at 37 ± 1 • C. It was found that curcumin and piperine could be released from the composite membrane as time increased. Curcumin was released relatively quickly in the first three hours. This might be due to some curcumin sticking on the outside of the composite membrane. After three hours, curcumin was gradually increased. The total amount of curcumin released at 24 h (~70%) was not completed. This might be due to the difficulty of curcumin released from the upper layer of the composite membrane. It required time and distance to pass through the lower layer before reached the receptor medium of the modified Franz diffusion cell. Although curcumin had low solubility (0.6 µg/mL) [36] , the curcumin-HPBCD inclusion complex could increase curcumin's solubility by about 188 times [34] . This reason allowed curcumin to release from the composite membrane to the dissolution medium.
Stability of Curcumin in the Composite Membrane
Release Study
Piperine was released relatively quickly in the first three hours to obtain about 60% and gradually released until completed (102.69 ± 17.02%) at 12 h. This is because piperine had relatively high solubility (0.164 mg/mL) [37] compared with curcumin (0.6 µg/mL) [36] , and the lower layer containing piperine directly contacted the buffer in the receptor phase of the modified Franz diffusion cell. The rapid and complete release of piperine from the composite membrane would be benefited via interaction with the skin structure before curcumin would be delivered through the skin.
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In Vitro Skin Permeation Study
In this study, the effect of piperine on the skin permeation of curcumin from composite membranes was investigated. The amount of curcumin contained in the composite membrane was fixed at 200 mg, but the amount of piperine was different, with 0, 4, 8, and 16 mg (with CCM, CM200:4, CM200:8, CM200:16), i.e., 0, 1.96, 3.85, and 7.41%, respectively. The permeation profiles of the curcumin and piperine are shown in Figure 7 . It was found that, when the amount of piperine increased, the trend of the permeation of the curcumin was increased. The difference of curcumin permeation could be clearly observed from 6 h onwards. Piperine is a well-known bioenhancer for oral drug delivery including curcumin, but for transdermal drug delivery it had little information. Piperine has been explored as bioenhancer for transdermal delivery of aceclofenac that could enhance drug permeation by about 2-8 times when using about 0.5-2% [27] . The mechanism of piperine to enhance skin permeation of drugs possibly involves partial extraction of the stratum corneum, interaction with the keratin of the stratum corneum, tight junction protein disruption, and the intercalation complex of piperine and curcumin [28, 29] .
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In previous studies, piperine has been used as a transdermal enhancer for several drugs [26, 27 ] but it has not been used for curcumin. The permeation of curcumin when used in combination with piperine was 2-8 times higher than that of curcumin alone. This may be because piperine has different effects on each drug. To our knowledge, this is the first study to investigate the effect of piperine as a transdermal enhancer for curcumin. The type of skin used in the in vitro permeation study may also affect the results. The mechanism that enhances skin permeation is related to change in skin structure [28] . Mouse skin is rather thin and, compared to rat or human skin, generally contains fewer structural components. Piperine, therefore, has a lower chance of involving skin structure. One mechanism of piperine that enhances skin permeation involves an increase in blood supply. This mechanism cannot occur in in vitro studies. This would be a limitation of in vitro permeation studies for piperine evaluation. Dermal penetration can be influenced by a number of factors. Basak et al. reported that molecular size factors and hydrophobicity play the most important roles in dermal penetration [38] .
Conclusions
In this study, piperine used as a bioenhancer for transdermal curcumin delivery was investigated in vitro using mouse skin. The delivery system in the form of bacterially derived composite membrane as a double layer, containing curcumin and hydroxypropyl-β-cyclodextrin in the upper layer and piperine in the lower layer, was successfully prepared. This design was intended to allow piperine to interact with the skin structure before curcumin passed through. The amount of curcumin added in the composite membrane caused the swelling and tensile strength properties of the composite membrane to decrease; however, the amount of curcumin used-up to 200 mg-and the amount of piperine used-16 mg-for a 78.57 cm 2 composite membrane still provided a suitable composite membrane for use. Piperine had an effect on the increase in skin permeation of curcumin in vitro through mouse skin and its effect was related to the amount added into the composite membrane. The composite membrane containing piperine at 7.41% could increase skin permeation of curcumin by about 1.89 times. In vivo skin permeation is recommended for further study because one possible mechanism of piperine as a skin permeation enhancer would be associated with increased blood supply to the skin; therefore, a greater enhancement effect would be observed. Moreover, the skin irritation of piperine-containing systems should be studied.
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